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INTRODUCTION 


An  intense,  visible  chemiluminescence  is  often  observed  during  the  gas- 
p'nase  oxidation  of  aluminum  or  aluminum  containing  compounds.  This  chemi¬ 
luminescence  is  usually  dominated  by  a  broad  "continuum, "  which  peaks  between 
500  and  620  nm,  and  often  remains  above  half -peak  power  at  400  and  750  nm.  A 
short-wavelength  cutoff  near  350  nm  is  evident. 

Laboratory  observations  of  this  chemiluminescence  continuum 

have  been  reported  in  the  reaction  of  atomic  oxygen  with  aluminum  vapor ^  and 

n  2  3)  (4) 

trimethylaluminum  (TMA);  ’  ’  ’  in  premixed  TMA/0„  flames;  ’  in  the  reaction  of 
1  (5)  * 

TMA  with  02  (a  A);  '  in  the  interaction  of  molecular  beams  of  aluminum  vapor 
and  ozoneP^  in  laser-supported  detonation  waves  in  air  on  aluminum  surfaces^ 
and  possibly  in  the  oxidation  of  exploding  aluminum  wires However,  the  most 
dramatic  observations  of  this  aluminum -oxygen  continuum  involve  the  interaction 
of  the  gaseous  products  from  either  aluminum  loaded  grenades P  or  from  the 

oxidation  of  TMA,^4^  with  the  upper  atmosphere  between  90  and  220  km  in  altitude. 
The  purpose  of  this  paper  is  to  examine  the  molecular  mechanism  responsible  for 
this  chemiluminescence. 


CHARACTERISTICS  OF  UPPER  ATMOSPHERIC  ALUMINUM  GLOWS 


The  visible  c hem i luminescent  glows  {ran  aluminum  containing  upper  atmospheric 
releases  are  strong  enough  and  persistent  enough  that  cltaraetoristie  upper  atmospheric 
diffusion  coefficients  have  been  derived  from  observations  of  the  rate  of  growth  of  these 
chemiluminescent  "clouds.  However,  this  technique  has  been  superseded 

by  twilight  releases  into  the  sunlit  upper  atmosphere.  These  result  in  the  super- 
imposition  ot  the  strong,  solar-pumped  fluorescence  of  the  AID  (B  ~Z  —  X  “Z  ) 
transition  on  top  of  the  chemiluminescence,  thereby  producing  a  brighter  and  longer- 
lived  cloudl15“l9> 

The  wavelength  dependence  of  U>->  chemiluminescent  glows  from  atuminixeH 
grenade  anti  TMA  opper  atmospheric  releases  is  sufficiently  similar  that  it  has  long 
been  assumed  shat  both  glows  arise  from  the  same  emitting  species!***  This  assumption 
is  strengthened  by  the  fact  that  a  major  chemical  component  of  both  ty|>cs  ot  release 
clouds  is  AlU.  a  fact  demonstrated  by  the  solar-induced  fluorescent  emission  front 
the  AID  (B  -  X)  bamir  '  Application  of  the  recent  determination  of  the  AID  (Ei  —  X> 
transition  f  number^**  to  quantitative  measurements  of  the  steady-state  AID  concentra¬ 
tion  produced  by  TMA  clouds  it  altitudes  from  VdS  to  l*i?  indicates  that  st  least 

onu  to  eight  percent  of  the  aluminum  released  as  TMA  is  presetd  as  AlO  for  times  on 
iha  order  ©f  several  minutes. 

Day  on  the  total  radiant  intensity  of  both  olwrinis^  grenade  and  TMA  clouds 
indicate  shat  the  tight  producing  reaction  is  very  efficient.  Accurate  quantum  yields 
are  difficult  t©  deduce  both  because  the  total  radiant  intensity  measurements  suffer 
front  inslruinetdatioe  and  interpretation  difficulties  and  because  the  molecular 
distribution  of  released  products  is  not  well-known.  {Only  equilibrium  calculations 
of  (exploding  grenade  praleeta  sro  available.  Also.  TMA  is  released  as  a  liquid,  part 
which  flesh  vaporises  i©  a  dJmer/monofvter  mixture  while  the  rust  freezes  and  may 
nr  may  nH  participate  in  the  glow  prodeebtg  reaction  4  fiawevar,  blishod  moasu ro- 
'ttiefets  tdfcil  radiant  intensities  indicate  that  the  yield  of  "continuum".  visible  photons 
may  be  as  hi^t  as  0.®  per  molecule  of  vaporised  .aluminum  containing  molecules!10*  *3,  *** 
The  quantum  yield  for  grenade  releases  rises  sharply  between  35  and  123  km,  and 
plateaus  or  drops  slightly  above  that  altitude!43*  Similar  data  for  TMA  releases  have 
not  beta  published.  2 


PREVIOUSLY  SUGGESTED  CHEMILUMINESCENT  MECHANISMS 


The  actual  molecular  identity  of  the  chemiluminescent  species  has  not  yet  been 
experimentally  determined  in  either  laboratory"  or  upper  atmospheric  studies. 

However,  strong  evidence  that  the  emitting  species  contains  aluminum  is  contained  in 
the  observation  that  purely  organic  explosive  grenades  containing  aluminum  granules 
produce  the  characteristic  glows  at  114  km,  while  the  same  grenades  without  aluminum 
do  The  conclusion  that  the  emitting  species  is  an  aluminum  oxide  is  drawn  not 

only  from  the  various  laboratory  studies  with  controlled  oxidizing  environments, 
but  a  iso  from  the  observation  that  atmospheric  releases  do  not  product  this  char¬ 
acteristic  radiation  at  altitudes  below  the  onset  of  atomic  oxygen  as  a  significant 

n%\ 

atmospheric  component; 

Rosenberg,  et  al.  have  suggested  the  most  widely  quoted  mechanism  for 
the  aluminum-oxygen  chemiluminescent  continuum.  This  mechanism  is  analogous 
to  the  well-known  nitric  oxide,  oxygen  atom  recombination  continuum,  and  is  pre¬ 
sented  iu  Eqs.  (1)  -  (4): 


AlO  +  0  -  AIQ2* 

(1) 

AlOg*  -M  -  A102  +  M 

(2) 

A!0„*  AlO„  +  hv 

(3) 

aio9  +  O  -  AlO  +  0, 

1 

(4) 

whore  {*)  denotes  an  electronically  excited  molecule.  Rosenberg's  mechanism  is 
attractive  from  the  standpoint  that  it  involves  only  reactants  winch  are  known  to  be 
present  in  the  release  cloud  (AlO  is  detected  by  solar-pumped  fluorescence  and 
atomic  oxygen  is  a  well-known  atmospheric  constituent  at  altitudes  above  km),  in 
addition,  reaction  (4}„  which  regenerates  AlO,  allows  a  chain  process,  which  is  always 
helpful  in  accounting  for  high  chemiluminescent  quantum  yields. 


However,  the  mechanism  shown  in  reactions  (1)  -  (4}  runs  into  serious  diffi¬ 
culty  when  applied  to  quantitative  observations.  In  fitting  this  reaction  coheir. e 
to  their  observations  of  grenade  releases,  Johnson  and  co-workers^  discovered  that 
they  would  need  an  effective  radiative  recombination  rate  constant  k,.  for  ihc  com  - 
bination  of  reactions  (1)  and  (3)  (ignoring  the  quenching  reaction  (2))  of  1  x  10 

cm'Vsec. 


AlO  +  0  -  AlO^  +  hr 


The  chemi  luminous  glows  from  nighttime  t  rime  thy  alum  inut*  . dense  can  also' 
be  analysed  to  yield  an  estimate  of  the  magnitude  of  k.  necessary  for  the  AlO  <-  O 

.v? 

radiative  recombination  mechanism  to  explain  the  data.  Hbsenberg,  et  ai.,  have 
characterized  tl  dr  A  clouds  as  emitting  10  “  photons  per  second  per  TMA 

-3 

molecule  relemecf  a-  100  km,  ami  10  photons  per  second  per  TMA  moiecule 
(24) 

released  at  ldO  km. 

Thus,  the  average  photon  emission  per  cubic  centimeter  from  the  100  km  cloud 
can  be  written 

d  (iud  “  NTMA 

dt  '  V  *  ((>) 

where  N.j,^  is  the  number  of  TMA  molecules  released,  V  is  the  cloud  volume  in 
cubic  centimeters,  and  a  is  the  number  of  photons  per  second  per  TMA  molecule 
released.  However,  if  the  emission  is  due  to  reaction  (5),  the  photon  emission  m  < 
unit  volume  can  also  be  written 


d  (he) 


dt 


|  AU)j  Jo 


(*> 


whore 1 
unperturbed 


Aioj  amijoj  arc  tiro  average  species  concentrations  in  the  cloud.  The 
rbed  atomic  oxygen  concentrations  for  100  aiuJ  100  km  are  near  1,00  x  to*" 


.10 


*J 


imd  1 .  fid  v  io  *w  atonm/cm”,  respectively l*^  It  should  be  noted  that  substitution  of  the 
unperturbed  atomic  oxygen  content  into  Eq.  (7}  will  produce  a  conservative  tower 
estimate  for  k- ,  since  the  real  atomic  oxygen  content  in  the  cloud  will  be  reduced 


4 


fi’om  the  unperturbed  value  by  reaction  with  TMA  and  its  oxidation  products.  The 
AlO  concentration  in  the  glowing  cloud  can  I  >  related  to  N  by  utilizing  the  pre- 
viously  mentioned  twilight  solar  fluorescence  measurements As  noted  pre¬ 
viously,  correction  of  the  published  ratios  by  utilizing  the  recent,  direct 
laboratory  measurement  of  the  AlO  (B  —  X)  f  number^2^  yields  an  estimate  of  tire 
total  AlO  cloud  content  as  0.08  at  162  km,  decreasing  to  0.01  at  120  km. 

Thus,  0.1  is  a  conservatively  large  estimate  of  total  cloud  AlO  at  altitudes 

between  100  and  160  km.  This  leads  to  an  estimate  of  the  average  AlO  concentration 
per  unit  volume  of  0. 1  Using  the  values  of  |oJ  and  ^Aloj  discussed  above, 

Eq.  (?)  can  be  rewritten  as 


d  M  ^  k  r 

dt  *“  5  V 


H 


(8) 


equating  Eq.  (8)  and  Eq.  (6)  yields 


aNTMA  _  .  °*1NTMA  f 

~~ ~  ~  k5  ~V  1°. 


<9) 


and  rearrangement  yields 


« 


0.1 


l 

[o] 


Utilising  tf.e  estimated  values  of «  and  joj  for  100  km  yields  an  estimate, 


<I0> 


,  $,0J 

k5  *  0. 1 


1.09  X  10 


11 


0.03  s  10  ^  cm'Vsoc 


0l> 


substituting  &  sac  |  O  ]  values  for  i60  lan  yields 


0,001  _ _ l _ . 

o.i  ,  cr  ,Aui 

1.66  x  10 


6.0  x  it*  1  *  ofi^/sw 


1 12) 


x> 


-13  3 

These  estimates  of  kg  are  comparable  to  the  1  x  10  cm  /sec  value  derived  by- 
Johnson,  et  al. ,  from  their  grenade  produced  glow  data.  Lower  average  con¬ 
centrations  of  either  aluminum  monoxide  or  atomic  oxygen  in  the  clouds  would,  of 
course,  produce  even  larger  estimates  of  k. . 

It  is  quite  unreasonable  to  expect  reaction  (5)  to  proceed  with  a  rate  con- 

-13  3 

stant  anywhere  near  as  large  as  1  to  6  x  10  cm  /sec.  Radiative  recombination 

—16  3 

rate  constants  for  two  or  three  atom  systems  seldom  exceed  10  err/ /sec,  even 
in  their  high  pressure  '‘effective  biomolecular"  limits.  For  example,  at  typical 
atmospheric  densities  (<  10* ^  molecules/cm'5)  and  temperatures  (300~500°K) 

/23) 

charactei'istic  of  120  km'  '  (where  the  grenade-produced  aluminum  oxide 

chemiluminescence  plateaus),  the  well-known  NO  O  "air  afterflow"  reaction 

-17  -18  3  /2S\ 

exhibits  a  biomolecular  rate  of  1  x  10  to  5  x  10  cm  /sec:  '  Since  the  O  +  NO 
radiative  recombination,  •- hich  is  one  of  the  most  facile  reactions  of  this  type  known, 

4 

proceeds  at  a  rate  more  than  10  times  slower  under  upper  atmospheric  conditions  than 
.1  eded  for  AlO  +  O,  it  seems  unreasonable  to  ascribe  the  aluminum  oxide 
chems luminescence  to  reaction  (5). 

Sckiff  has  suggested  that  the  chemiluminescence  created  in  the  interaction  of 
atomic  oxygen  with  the  dimeric  form  of  trimothylalumiuum  may  be  due  to  the  reaction 


[ai(ch3)3]2  ♦  o  -  ai2o*  +  6CH3 


(13) 


which  ho  stated  to  be  more  than  $0  keal/molo  exothermic;  ^  However,  the  average 
Al-CH**  bond  strength  in  tvimethy  laium  ilium  has  been  measured  as  04.5^*  ^  or 
52. '  keal/moie,  and  either  of  these  values,  coupled  with  the  dimer  dissociation 
energy  of  20, 2  kcat/mote^^  ami  the  Al*0  auxttixaUoa  energy  of  240  kcai/molcP** 
makes  reset  on  (13)  snore  than  140  kcal/mole  endothermic.  Thus,  reaction  (U)  can 


be  ruled  out  as  the  mechanism  responsible  for  the  chon iluim nescenee  observed  in 
TMA  oxidation. 
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AIO*  PROPOSED  AS  CONTINUUM  EMITTER 


Previously  proposed  chemiluminescent  reaction  mechanisms  leading  to  the 
aluminum  oxide  "continuum"  have  focused  on  triatomic  emitters  3uch  as  A109  or 
Al^O  because  it  is  widely  assumed  that  a  diatomic  molecule  such  as  AlO  cannot 
produce  a  wide -band,  continuum-like  spectrum.  However,  recent  laboratory 
investigations  of  gas-phase,  exothermic,  metal-oxidizer  reactions  have  led  to  the 
identification  of  very  broad  band  emissions  from  chemically  pumped  states  of  metal- 
oxide  or  metal-halogen  diatomics.  Under  low  resolution,  such  visible  emissions 
can  appear  to  be  "continuum"  over  a  range  of  several  thousand  angstroms  in 
wavelength.  The  published  laboratory  and  upper  atmospheric  observations  of  the 
aluminum  oxide  "continuum"  were  all  made  under  sufficiently  low  resolution  (seldom 
better  than  5-loX)  that  they  are  "continuum"  more  by  definition  than  by  observation. 

Pertinent  Laboratory  Results 


Figure  1  shows  a  broad  chemiluminescent  emission  from  the  diatomic  molecule 
BaO*  produced  in  the  reaction 


Ba  +  N20  —  BaO*  +  N2  ,  (14) 

under  molecular  beam  conditions  by  Zare  and  co-workers  The  reaction  of  Ba 
with  , 

Ba  +  03  -  BaO  +  02  ,  (15) 

produces  a  nearly  identical  spectrum!30^  Similar  broad  emissions  due  to  excited 
alkali  halide  molecules  have  been  observed  in  the  reaction  of  alkali  metal  dimers 
with  halogen  molecules!31^ 

Figure  2  shows  a  spectrum  obtained  with  Zare's  apparatus  for  the  reaction 

of  A1  with  The  identification  of  the  AIO  (B  —  X)  emission  protruding  above 

4  o 

the  chemiluminescent  "continuum"  in  the  4500-50Q0A  range  shows  that  one  pathway 

for  this  reaction  is 

Al  +  03  —  AIO*  ♦  02*  7  (Id) 

**  ’  i 
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Figure  1  -  BaO  Emission  From  the  Reaction  of  Crossed  Molecular  Beams  of  Ba  and 
N2C  (Note:  The  reaction  Ba  +  O3  produces  a  nearly  identical  spectrum 
(Seoflef.  (SO))). 


Wavelength  (A) 


AL-241 


Figure  2  -  Chemiluminescent  Emission  From  the  Reaction  of  Crossed  Molecular  Beams 
of  A1  and  Os  (Note:  Emission  of  tne  dipole  allowed  AlO  (B  -*  X)  transition 
is  superimposed  on  the  broad  continuum-like  omission  (See  Ref.  (6))) . 


The  creation  of  AlOg*  is  thermodynamically  possible  under  the  single  collision 
conditions  in  crossed  molecular  beams, 

A1  +  Og  -*•  AlOg*  +  O  .  (17) 

However,  the  formation  of  AlOg,  which  has  the  symmetric  structure  0-Al-o|32^ 
requires  insertion  of  the  aluminum  atom  into  one  of  the  0-09  bonds  in  0o.  This  type 

“  O 

of  insertion  reaction  can  be  expected  to  have  a  much  higher  activation  energy  than  the 
simple  atom  abstraction  of  reaction  (16).  In  addition,  the  simple  atom  abstraction 
mechanism  is  found  to  predominate  for  nearly  all  of  the  atom -small  molecule  reactions 
studied  by  molecular  beam  techniques  to  date!33*  Thus,  it  is  tempting  to  ascribe  all 
of  the  chemiluminescent  emission  shown  in  Fig.  2  to  AlO*. 

Very  recently,  Broida  and  co-workers  studied  the  BaO*  emission  from  the 
reaction  of  Ba  with  NgO.  They  found  that  the  emission  can  change  (at  pressures  of  a 
few  torr  or  higher)  from  the  broad  emission  of  Fig.  1  to  a  well-resolved  spectrum 
characteristic  of  the  BaO  (A  1S+  -*  X  *2+)  transition!34^  These  observations  are 

3 

explained  by  postulating  the  creation  of  BaO*  by  reaction  (14)  in  the  long-lived  (an) 

1  + 

excited  state.  This  is  followed  by  collisional  transfer  into  the  (A  2  )  state  which 
has  a  shorter  radiative  lifetime!35^  Quantitative  measurements  show  that  the  BaO* 
pumping  process  occurs  with  an  efficiency  of  greater  than  20%!34,35^ 

Data  for  the  Ba  +  NgO  reaction  have  been  presented  to  indicate  that  a  diatomic 
molecule  such  as  BaO  can  produce  a  broad  chemiluminescent  emission  when 
metastable,  excited  electronic  states  are  efficiently  pumped  by  chemical  reaction. 
Aluminum  monoxide  also  has  a  number  of  such  bound  long-lived  electronic  states 
which  are  thermodynamically  accessible  to  chemical  pumping  reactions  such  as 
reaction  (16).  Several  additional  exothermic  reactions  pertinent  to  conditions 
characteristic  of  both  laboratory  and  upper  atmospheric  glows  will  be  proposed  later. 

Figure  3  shows  potential  energy'  curves  calculated  by  H.  Michels  ^33^  for  the 
lowest  bound  states  of  AlO.  Candidate  states  for  the  upper  levels  which  might  pro¬ 
duce  the  "continuum"  radiation  include  the  lowest  lying  42+  and  4n  states,  as  shown 
in  Fig.  3,  and  the  high  vibrational  levels  of  the  (A  ^TI)  state,  which  has  been 
experimentally  characterized  by  McDonald  and  Innes!3^ 
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Subsequent  sections  of  this  report 

will  deal  with  exothermic  reactions 

capable  of  producing  AlO  in  these  excited 

states.  In  particular,  reactions  of 

aluminized  grenade  products  with  atomic ; 

oxygen  (along  with  reaction  (18))  will 

be  examined  in  depth  to  identify  pathways 

which  efficiently  populate  the  (A  *11), 

4  4  + 

n,  and  2  states  at  the  expense  of  the 
X  and  B  states.  Brief  discussions  of 
Ba  and  alkali  dimer  reactions  will  be 
presented  where  parallel  mechanisms 
are  expected.  A  discussion  of 
trimethyaluminum  oxidation  by  atomic 
oxygen  is  also  presented,  along  with 
candidate  AlO*  pumping  reactions  for 
TMA  flames  and  atmospheric  releases. 


iSrKHNtn.KAH  SEPARATION  l\t 


Figure  3  -  Calculated  Lowest 
States  of  A\Orb> 


Bound 


Grenade  Pumping  Reactions 


The  aluminized  grenades  which  produced  the  chemiluminescent  glows  described 
In  Refs.  (11),  (12),  (13),  (16),  and  (17)  contained  a  little  over  five  moles  of  aluminum 
powder  mixed  with  approximately  1.3  moles  of  an  oxidizer  such  as  KNOg  or  a 
mixture  of  BaNO^  and  KClO^,  They  also  contained  a  20g  tetryl  exploder,  and  a 
booster  consisting  of  0.2  mole  TNT  and  1,2  additional  moles  of  powdered  aluminum. 
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Little  information  is  given  on  the  expected  explosion  products  cf  these 
grenades,  but  they  are  oxidizer-poor,  and  can  be  expected  to  produce  appreciable 
unoxidized  aluminum.  This  expectation  is  borne  out  by  the  observation  in  twilight 
releases  of  solar-pumped  aluminum  doublets  at  3944-3961  and  3082-3093a!12^ 

A  closely  related,  but  better  characterized,  release  system  is  the  steel  burner 

used  by  Rosenberg,  et  al. ,  to  release  the  reaction  products  of  an  explosive  CsNO„-Al 
(101  3 
powder  mixture.  '  Thermochemical  calculations  of  the  pressure,  temperature,  and 

products  of  this  reacting  mixture  when  the  reaction  is  at  equilibrium  are  also  pre¬ 
sented  in  Ref.  (10).  This  reaction  mixture  was  calculated  to  contain  35,  7,  and 
2.5  mole-percent  of  Cs,  Al,  and  AlO  vapor,  respectively,  before  the  reaction 
products  were  vented  through  a  converging  nozzle  with  a  half -centimeter  orifice!10^ 

In  order  to  invoke  AlO*  as  the  source  of  the  chemiluminescent  emission 
observed  for  releases  utilizing  the  inorganic  grenades  and  burner  described  above, 
it  is  necessary  to  show  that  such  devices  produce  molecular  species  containing  a 
weakly  bound  aluminum  atom  which  can  react  with  atmospheric,  atomic  oxygen  to 
produce  AlO*.  A  reasonable  candidate  species  is  the  aluminum  dimer,  Alg.  This 
species  has  been  observed  spectroscopically  by  Innes  and  co-workers and  mass 
spectrometrically  by  Chupka  and  co-workers,  who  determined  a  bond  energy  of 
2.0  evi  ^  A  bond  energy  of  1.7  eV  has  also  been  proposed!40^  Since  the  bond  energy 
of  AlO  is  close  to  5.2  evi6,3^  the  reaction  between  Al2  and  atomic  oxygen, 

Al2  +  O  —  AlO*  +  O  ,  (18) 

is  exothermic  by  more  than  3.2  eV,  or  74  kcal/mole,  if  ground-state  products  are 
formed.  This  compares  to  the  Al  +  03  exothermicity  of  4.1  eV.^  Reactions  (16)  and 
(18)  are  thus  thermodynamically  able  to  produce  AlO*  in  th9  (A  (B  22+),  4n, 

4  4* 

and  £  states  according  to  Michels' calculations. 

Aluminum  dimers  can  be  expected  to  form  as  the  grenade  or  burner  reaction 
products  expand  and  cool.  Indeed,  the  formation  of  Na  and  NO  dimers  has  been 
previously  invoked  to  explain  the  chemiluminescent  omissions  observed  in  the  upper 
atmospheric  release  of  these  substances !41,42^ 
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The  unknown  details  of  grenade  fragmentation  make  the  fluid-dynamic  modeling 
of  the  grenade  release  difficult,  and  prevent  the  calculation  of  the  extent  of  A1 
dimerization.  However,  Aig  formation  in  the  burner  nozzle  expansion  utilized  by 
Rosenberg,  et  al. ,  can  be  treated  by  using  the  parameterized  theory  developed  by 
Gordon,  Lee,  and  Herschbach!43^  By  using  an  Alg  dissociation  energy  of  2.0  ev(3^ 
the  Al2  spectroscopic  parameters  of  InnesP3^  and  a  long-range  van  der  Waals 
attraction  constant  equal  to  that  for  Na,  the  Al9  dimerization  parameters,  as  defined 

U  (\ 

by  Gordon,  et  al. ,  are  =  23210  °K,  P^  -  1. 62  g/cm  ,  and  Wj  *  2572  cm.  The 

equilibrium  burner  conditions  published  by  Rosenberg,  et  al. ,  give  the  temperature, 

o  -3  3 

density,  and  nozzle  orifice  release  parameters  as  T  =  4100  K,  P  =  4  x  10  g/cm' , 

and  to  =  0.5  cm.  The  division  of  the  Al„  parameters  into  the  release  parameters 

—  L  —  -3  —  -4 

produces  the  reduced  variables  T  =  0. 177,  P  =  2.5  x  10  ,  and  w  =  1.94  x  10  . 

Projection  of  these  reduced  parameters  onto  the  parametric  dimerization  curves 

published  by  Gordon,  et  al. ,  indicates  that  greater  than  80%  of  the  Al  released  by 

the  AFCRL  burner^10^  will  be  dimerized.  Of  course,  the  burner  release  products 

are  a  complex  chemical  mixture,  and  chemical  reactions  other  than  Al  dimerization 

may  take  place  during  the  expansion.  For  instance,  an  unknown  portion  of  the  Al 

atoms  may  combine  with  the  more  abundant  atomic  Cs  to  form  CsAl.  However, 

CsAl  can  be  expected  to  have  a  bond  strength  on  the  order  of  one  electron-volt, 

and  would  serve  as  an  equally  good  precursor  for  AlO*; 

CsAl  +  O  -  AlO*  +  Cs  .  (19) 

Similarly,  the  potassium-loaded  grenades  may  form  KA1,  which  could  also  serve 
as  an  AlO*  precursor: 

KA1  +  O  "*  AlO*  +  K  .  (20) 

Several  theoretical  aspects  of  the  Alg  +  O  reaction  as  the  prototype  grenade 
pumping  reaction  are  discussed  in  detail  below.  The  Al  +  03  reactiou  of  Zare’s 
experiment^  is  also  considered  in  this  theoretical  treatment. 
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Correlation  of  Hcactant  and  Product  States  for  Proposed  A 10*  Pumping  Reactions 


According  to  the  mechanisms  proposed  above,  both  the  grenade  reaction  and 

the  ozone  reaction  produce  chemiluminescence  from  A10  due  to  the  population  of  the 
2  4+4 

lowest-lying  n,  2  ,  and  n  states.  The  unresolved,  apparently  continuous  emission 
attributed  to  these  states,  which  we  refer  to  collectively  as  the  Y  states,  is  much  more 

O 

intense  than  the  emission  from  the  (B  2  )  states.  The  correlation  of  the  electronic 
states  of  the  reactants  and  products  in  the  Al9+©  and  Al+09  reactions  is  examined  below 

for  factors  which  may  favor  population  of  the  Y  states  rather  than  the  B  state.  One 
such  factor  is  evident,  and  since  it  is  a  property  of  the  A10  molecule  itself,  it  can 
be  expected  to  operate  in  all  reaction  processes  which  produce  A10.  This  is  the 
fact  that  the  Y  states  correlate  with  ground -state  A1  +  0  atoms,  whereas  the  B  state 
correlates  with  a  ground  A1  atom  +  excited  0  atom  (see  Fig.  3).  Consequently, 
it  is  plausible  that  the  potential  energy  surfaces  leading  to  the  Y  states  provide  more 
favorable  pathways  than  the  potential  energy  surface  leading  to  the  B  state. 

The  reaction  Alg  +  O  —  A10  +  A1 

For  the  reactants,  two  channels  are  considered,  corresponding  to  interaction 
without  and  with  electron  transfer: 

,a)  Al2  (\~)  *°(3Pg) 

<»>  A12  {\)*°~{\)  ' 

3  — 

The  identification  of  the  Al„  ground  state  as  £  is  based  on  spectroscopic  evidence 

^  B/oq\  + 

and  the  expected  molecular  orbital  configuration,  '  and  the  assignment  of  Al„  as 

2  “ 

IIu  is  a  corollary. 

For  the  products,  four  channels  are  considered: 

(a*)  ALO  ( V)  +  A1  ^2Puj 

(b»)  A10  (*11)  +  A1  (2pJ 
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Channel  (a*)  corresponds  to  production  of  AlO  in  either  the  ground  X  state  or  the  B 
state;  channels  (b'),  (c1),  and  (d*)  constitute  the  Y  states.  Table  I  gives  the  spin 
correlations  for  these  channels  and  Table  II  the  spatial-state  correlations  pertain¬ 
ing  to  collinear  Al-Al-O  configurations.  The  determination  of  state  correlations 
Is  fully  described  by  HerzbergJ^  Channel  (a)  gives  rise  to  singlet,  triplet,  and 
quintet  potential  surfaces  which  correlate,  respectively,  with  (a\  b*),  (a\  b\  c\  d'), 
and  (c\  d'),  whereas  (b)  gives  singlet  and  triplet  surfaces  which  correlate,  respec¬ 
tively,  with  (a1,  b’),  and  (a‘,  b*,  c‘,  d1).  Thus,  as  far  as  spin  correlations  are 
concerned,  all  the  product  channels  can  be  populated,  whether  or  not  the  reaction 
involves  an  electron  transfer.  In  assessing  the  spatial  correlations,  the  reaction 
is  not  postulated  to  be  constrained  to  collinear  configurations.  However,  the  fact  that 
all  the  reactant  and  product  channels  correlate  (via  2+  +  n  surfaces)  for  collinear 
configurations  serves  to  demonstrate  that  they  will  also  correlate  for  noncollinear 
configurations.  This  holds  because  the  transition  from  reactants  to  products 


TABLE  I.  SPIN  CORRELATIONS  FOR  Al2  +  O  REACTION 


Reactants  Intermediate  Products 
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TABLE  II 


TABLE  II.  SPATIAL-STATE  CORRELATIONS  FOR  COLLENEAR  Alg  +  O  REACTION 


Reactants  Intermediate  Products 


preserves  no  molecular  symmetry  elements  except  in  the  coliinear  case.  Hence, 
restrictions  on  the  correlation  of  reactant  and  product  states  can  only  occur  for  the 
coliinear  ease.  When  such  restrictions  exist,  they  are  significant  for  other  con¬ 
figurations,  as  well,  becauso  states  that  do  not  interact  in  the  coliinear  case  will 
couple  only  weakly  for  a  substantial  range  of  noncoilinear  configurations. 

The  reaction  A1  +  03  —  A 10  +  Og 

Again,  reactant  channels  with  and  without  electron  transfer  are  considered; 
«  A'  i\)  *  03  (‘a,) 

w  Aiiisj*  v(s)  ■ 
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Two  sets  of  four  channels  are  considered  for  the  products.  As  before,  these  are 

labelled  (o',  b\  c\  d*)  to  distinguish  the  electronic  states  of  AlO;  a  single  prime 

3  _ 

indicates  that  the  accompanying  00  molecule  is  in  its  ground  2  state,  while  a 

*  i  S 

double  prime  indicates  00  is  in  the  lowest-lying  excited  A  state.  Table  III  gives 
the  spin  correlations.  In  this  case,  the  reaction  proceeds  on  a  doublet  potential 
surface  whether  or  not  electron  transfer  occurs.  All  the  product  channels  except 
(cM,  d“)  can  be  populated  from  this  doublet  surface.  Table  IV  gives  the  spatial- 
state  correlations  for  "isoceles”  configurations.  In  these  configurations,  which 
are  the  only  ones  that  preserve  a  symmetry  element  in  the  reaction,  the  Al  atom 
approaches  along  the  two-fold  axis  of  03,  whereas  the  products  emerge  with  the 
Al-O  bond  along  this  axis  and  the  0-0  bond  perpendicular  to  it.  In  such  configura¬ 
tions  ,  the  reaction  without  electron  transfer  can  go  via  Aj ,  B1 ,  and  Bg  potential 
surfaces,  and  thus  populate  any  of  the  product  channels.  The  reaction  with  electron 
transfer  goes  only  via  a  Bj  potential  surface,  but  can  populate  all  the  product 
channels  except  (b'f  d*).  We  again  conclude  that  there  are  no  significant  state 
correlations  which  favor  producing  AlO  in  the  Y  states  rather  than  in  the  B  state. 


TABLE  m.  SPIN  CORRELATIONS  FOR  Al  +  Og  REACTION 
Reactants  Intermediate  Products 
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TABLE  IV.  SPATIAL-STATE  CORRELATIONS  FOR  ISOCELES  Al  +  REACTION 
Reactants  Intermediate  Products 


Qualitative  Electronic  Aspects 


The  analysis  of  correlations  given  above  has  dealt  only  with  the  question  of 
whether  interactions  linking  reactant  and  product  states  are  or  are  not  allowed  by 
the  spin  and  spatial  symmetry  properties  of  the  electronic  s*  'tes.  Of  more 
practical  interest  is  the  question  whether  an  allowed  interaction  is  strong  or  weak, 
since  this  determines  the  favored  reaction  pathway.  Here  tine  *.kely  pathways  are 
discussed  in  terms  of  qualitative  chemical  bonding  concepts.  Very  similar  inter¬ 
pretations  have  proved  useful  in  other  studies  of  the  reactions  of  metals  with 
electrophilic  reagents^  as  we  shall  illustrate  later  for  some  analogous  chemilumi¬ 
nescence  processes. 

Electron  transfer  from  the  metal  tc  the  electrophilic  molecule  is  the  baste 
feature,  as  Indicated  in  Fig,  4.  The  electron  transfer  can  occur  when  the  energy 

DM 

A  required  to  form  the  ion-pair  A  +  (BC)  is  offset  by  ihs  eoulombSc  attraction. 

Thus,  the  coulombic  potential  curve  (dotted)  crosses  the  asymptote  for  the  A  ♦  1U- 

interaction  (dashed)  at  a  distance  r  given  by  e“/r ,  *  A.  The  ienirathm  potential 

c  c 

1? 
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Figure  4  -  Schematic  Potential  Energy  Surfaces  for  Reactant  Channel  Interaction  of  a 
Metal  A  and  an  Electrophilic  Molecule  BC  or  a  Metal  Dimer  AC  +  Elec¬ 
trophilic  Atom  13.  (Note;  The  Quantity  A  Denotes  the  Energy  Required  to 
Form  the  Ion-Pair  A*  +  (BC)~  or  (AC)*  +  B“  at  Infinite  Separation;  A  is 
Given  by  the  Difference  in  Ionization  Potential  of  A  (or  AC)  and  the  Electron 
Affinity  of  BC  (or  B>.) 


is  ~ S  eV  for  both  Al  and  Ai,t,  The  electron  affinity  is  -  l .  f»  eV  for  O,  anti  -2.5  eV 

*  o  « 

for  Og.  Therefore,  the  crossing  radius  Is  about  3. 2A  for  AL,  +  O,  and  akin*  4.  IA 

for  Al  +  tv .  These  values  of  r  are  much  larger  than  a»e  AlO  bond  distance  ( 1.  ?A), 

J  C  A 

but  small  enough  to  ensure  strong  interaction  «f  th?  A  +  (Eu.  )  and  A  ♦  BC  states 
(unless  precluded  by  symmetry).  The  adiabatic  potential  seriates  (solid  curves) 
resulting  from  this  interaction  are  thus  well  separates!  in  Urn  crossing  region.  There¬ 
fore,  we  expect  that  the  dominant  reaction  $»lh  will  be  the  lower  energy  surface 
(labeled  Path  I),  since  the  collision  energy  is  too  low  to  allow  three!  arc««e*  to  the 
idjj&er  energy  surface  (labeled  jftalh  LI).  1C  an  complicating  factors  intervene,  the 
lower  surface  will  lead  to  (etnuiUea  cf  grmsmi-slste  yretet  molecules.  Thin  saapks 
picture  predicts  m  ^eioiluiuinesccece  beyemi  «  very  ioebte  contribution  from  wm- 
adiabatie  transitions  to  the  upper  states. 


There  ;-re  two  important  complicating  factors: 


1)  The  nature  of  the  AlO  states  resulting  from  open-shell 

electronic  structure.  It  will  be  shown  that  Path  1  in  Fig.  4 

2 

is  expected  to  lead  primarily  to  the  formation  of  the  (A  2) 

2 

excited  state  of  AlO  rather  than  the  ground  (X  2)  state. 

2)  The  multiplicity  of  reactant  states  resulting  from  A1  and 

O  being  open-shell  P  atoms.  This  provides  adiabatic 

routes  to  Path  II  in  Fig.  4,  and  thus  allows  population  of 
4  4 

the  II  and  2  excited  states  of  AlO. 

Since  the  chemical  bonding  in  metal  oxides  is  largely  ionic,  the  simple  ion-pair 
model  is  a  useful  starting  point  in  the  qualitative  analysis  of  the  AlO  states.  If 
A!+  anproaehes  0  ,  the  hole  in  the  oxygen  valence  shell  has  two  possible  locations: 
the  2pcr  oxygen  orbital  along  the  intemuclear  axis  or  the  2p?r  oxygen  orbital 

transverse  to  the  axis.  The  corresponding  molecular  orbital  configurations  are 

4  2  3  +  — 

crx  and  a  f  respectively,  and  the  corresponding  electronic  states  of  A 1  O  are 

9  2.,  2 

““2  ana  if ,  respectively.  According  to  the  simple  ionic  model,  the  II  state 
o  , 

should  he  below  2  because  the  oxygen  p  orbital  directed  towards  A1  contains  two 

2  2 

electrons  in  the  H  state,  but  only  one  in  the  2  case.  As  shown  in  Fig.  3,  the 

spectroscopic  data  and  electronic  structure  calculations  indeed  find  the  (A  2n )  state 

2  ° 

to  be  more  stable  than  die  pi  2)  state  down  to  distances  of  ~1.8A.  although 

9 

PC  2)  lies  lower  at  the  equilibrium  internuclear  distance.  A  recent  analysis  of 

metal-oxygen  bonding  suggests  that  covalent  bonding  w;th  the  pair  of  s  electrons 

+  2,  2  (4b) 

of  Ai  makes  X  more  stable  than  II  at  short  distances.  In  the  chemical  reaction, 

however,  the  situation  at  larger  distances  is  m«me  significant. 

Any  reaction  which  forms  AlO  via  an  electron-jump  process  akin  to  Path  I 

2 

of  Fig.  4  can  thus  be  expected  to  produce  predominantly  the  (A  n)  state,  simply 

.4- 

because  this  puts  two  electrons  in  the  p  orbital  directed  towards  the  Ai  ion, 

2 

whereas  the  (X  2)  state  has  only  one  electron  m  that  orbital.  It  should  be  noted 
that  any  AlO  (A)  formed  via  either  Al  +  0^  or  Al2  +  0  can  be  expected  to  be  highly 
vibrationally  excited.  In  fact,  Gole  and  Zare  have  observed  AlO*  (B)  up  to  v  -  18 
in  the  AI  +  03  reaction. 
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Excitation  of  the  4fl  or  42  states  of  AlO  corresponds  to  Path  n  of  Fig.  4. 

The  molecular  orbital  configuration  of  those  states  is  indicated  in  Fig.  5,  which 

shows  that  they  can  be  considered  to  arise  from  the  transfer  of  one  of  the  3s  electrons 

2  2 

of  the  A1  atom  to  the  0  atom,  just  as  the  n  and  2  states  arise  from  transfer  of  the 
3p  electron.  Actually,  the  bonding  in  these  quartet  states  has  much  more  covalent 
character  than  in  the  corresponding  doublet  states  since  the  higher  ionization 
potential  for  the  3s  orbital  prohibits  electron  transfer  until  a  much  closer  approach. 
This  also  implies  that,  aside  from  multiplicity  factors,  the  cross  sections  for 
forming  the  quartet,  states  will  be  substantially  smaller  than  for  the  doublet  states. 

In  some  cases ?  however,  spin  multiplicity  may  have  a  major  role.  In  the 

Al0  +  o  reaction,  the  spin  correlations  of  Table  I  show  that  the  quintet  potential 

&  44 

surfaces  lead  adiabatically  to  formation  of  AlO  in  the  n  and  2  states.  This  path 

might  be  inhibited  by  a  potential  barrier,  and  electronic  structure  calculations  or 

experiments  would  be  required  to  determine  whether  such  a  barrier  exists,  A 

somewhat  analogous  example  which  has  no  barrier  is  the  recombination  of  nitrogen 
4 

atoms  (these  are  S  atoms);  the  celebrated  ''active-nitrogen1'  afterglow  has  been 

(47) 

shown  to  come  from  a  bound-quintet  excited  state  of  the  nitrogen  molecule:  If 
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Figure  5  -  Molecular  Orbital  Configurations  for  AlO  States. 
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there  is  no  barrier  inhibiting  the  quintet  component  of  the  Al2  +  o  reaction,  the 
statistical  weight  factor  (2s  +  1  degeneracy)  will  form  it  over  the  triplet  and  singlet 
routes  in  the  ratio  5/(3  +  1)  =  5/4.  Since  the  singlet  and  triplet  surfaces  also  correlate 
with  the  ^TI  and  42+  states,  an  even  larger  fraction  than  5/4  of  the  adiabatic  reactions 
of  Al2  +  O  may  populate  these  states. 

Spin  multiplicity  has  no  direct  role  in  the  A1  +  reaction,  which  goes  via  a 

doublet  surface,  as  shown  in  Table  II.  In  this  case,  the  spatial  degeneracy  of  the 

reactant  states  still  fosters  excitation  of  the  **11  and  ^2  states  of  AlO,  however,  as 

seen  in  Table  IV.  Each  of  the  three  available  potential  surfaces  (A. ,  B. ,  B„)  can 
4  4  2  2  i  x 

form  either  the  II ,  2  states  or  the  II ,  2  states  of  AlO.  Only  one  (B. )  correlates 

+•  2  -  1 

with  electron  transfer  via  the  Al  (. . .  3  s  )  +  Og  ion-pair.  Thus  the  other  two 

surfaces  (A1  and  B2)  are  likely  to  involve  largely  covalent  interaction,  and  thereby 

form  the  4II,  42  states  of  AlO  more  readily  than  the  2I1 ,  22  states. 

2  4*  2  +  9 

The  excited  (B  2  )  state  of  AlO  lies  far  above  the  (X  2  )  and  (A  n)  states, 

and,  at  large  internuclear  distances,  also  lies  far  above  the  4n  and  ^2  states  (see 

Fig.  3).  Thus,  the  B  state  is  much  less  likely  to  be  produced  in  the  reaction,  as 

already  noted.  Of  course,  it  might  be  excited  in  a  subsequent  collision  process. 

Analogous  Reaction  Mechanisms 

Other  chemiluminescent  reactions  of  metals  with  electrophilic  molecules  are 
briefly  outlined  below  to  bring  out  points  of  resemblance  to  the  aluminum  reactions 
discussed  above. 

Reaction  of  alkali  dimers  with  halogens 

Recent  experiments  have  shown  that  a  very  broad  molecular  emission  results 
from  the  reaction 

K2  +  C12  KCl*  +  KC1 

{31)  o 

and  numerous  related  reactions.  '  Under  low  resolution  (  -  15-20A),  the  emission 

c 

appears  continuous,  but  higher  resolution  (<  5A)  reveals  a  long  progression  of 
vibrational  bands.^®)  The  spectrum  has  now  been  shown  to  come  from  an  excited 
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4  4 

state  of  KC1  which  has  some  similarity  to  the  n,  2  states  of  AlO.  The  ground 

4. 

state  for  KC1  again  has  ionic  bonding,  K  Cl  .  Since  this  is  a  closed-shell  structure, 
the  simple  picture  of  Path  I  in  Fig.  4  applies,  and  the  ground  state  is  nondegenerate 
(rather  than  split  into  the  X  and  A  components,  as  in  410).  The  lowest  excited  states, 
which  correspond  to 
with  unexcited 

spin-orbit  components).  These  latter  3tates  involve  covalent  bonding.  One  or  two  have 
shallow  wells,  which  give  the  observed  chemiluminescence,  while  the  others  are 
repulsive,  in  close  analogy  to  the  AlO  states.  Likewise,  there  is  a  higher  excited 
KC1  state  analogous  to  the  B  state  of  AlO,  but  chemiluminescence  from  this  state 


1+3+1  3 

Path  n,  consist  of  a  2  ,  2  ,  B  n  sot,  which  correlates 

)2  2 
and  unexcited  Cl  atoms  (including  both  the  Pg^2  and  P^y 


is  not  seen,  although  the  reaction  exoergicity  is  sufficient  to  produce  it.  Our  inter¬ 


pretation  of  the  aluminum  case  thus  is  consistent  with  this  somewhat  simpler  system. 


Reaction  of  Ba  with  NgO  and  03 

Chemiluminescence  observed  when  a  Ba  atom  beam  traverses  a  scattering 

-4 

chamber  filled  with  N„0  at  low  pressure  (  ~5  x  10  torr)  has  a  complex,  many-line, 
headless  spectrum!29'  An  identical  spectrum  is  found  for  the  Ba  +  Og  reaction!30^ 

The  broad  emission  has  been  attributed  to  the  (a  '^II)  state  of  Bao!35^  which  again 
bears  some  analogy  to  the  4n,  ^2  state  of  AlO. 

As  noted  previously,  the  complex,  many-line  spectrum  gives  way  to  well-defined 
1  +•  1  + 

bands  of  the  BaO*  (A  2  -*  x  2  )  progression  at  pressures  of  a  few  torr  or  more 
of  Ar  buffer!34^  This  observation  indicates  that  the  Ba  +  n20  reaction  populates 
the  (a  state  with  a  quantum  efficiency  of  0.2  or  greater,  and  that  the  (a  3n)  state 
is  then  collisionaliy  perturbed  Into  the  A  state!34, 35^  It  seems  reasonable  to 
attribute  the  appearance  of  the  AlO  (B  ~*X)  emission  observed  as  the  pressure  is 
raised  in  the  reaction  of  TMA  and  atomic  oxygen^  to  a  similar  collisionaliy  induced 
electronic  transition  from  one  of  the  Y  states  to  the  B  state. 


A 10*  from  the  Oxidation  of  Trlmethylah'minum 


As  noted  above,  trimethlylaluminum  (TMA)  forms  a  stable  vapor-phase  dimer 

with  a  dissociation  energy  of  20.2  kcal/mole.  The  prevailing  method  of  releasing 

TMA  in  upper  atmospheric  release  experiments  is  to  eject  the  room  temperature 

liquid  at  high  pressures  through  small  orifices  into  the  atmosphere,  where  a 

(141 

portion  of  it  flash  vaporizes,  and  the  rest  freezes;  ’  Under  these  conditions,  most 
of  the  vapor-phase  TMA  will,  at  least  initially,  be  in  the  dimeric  form. 

The  TMA  dimer  exists  in  a  diborane-like  structure,  with  two  methyl  groups 
sigma-bonded  to  each  aluminum,  and  with  the  two  additional  methyl  groups  in  a 
bridging  configuration  between  the  aluminum  atoms,  forming  three-center  Al-C-Al 
bonds !49^  No  successful  kinetic  mechanism  for  the  oxidation  of  TMA  by  atomic 
oxygen  appears  to  have  been  published  despite  flow -tube  studies  of  the  TMA  -  atomic 
oxygen  reaction!1  3*  and  studies  of  premixed  TMA/Og  flames!4^  Studies  of  the 
interaction  of  TMA  with  Og  indicate  that  the  first  step  of  the  reaction  is  the  insertion 
of  molecular  oxygen  into  one  of  the  Al-CHg  bonds  (the  weakest  bonds  in  the 
molecule).  This  is  consistent  with  the  general  concept  that  an  electrophilic  reagent 
will  attack  the  negatively  charged  carbon  atom  in  an  alkyl-metal  bond!49^  This 
insertion  is  also  consistent  with  the  studies  of  Cullis,  et  al. ,  which  demonstrated  that 
the  combustion  of  TMA  and  Og  proceeds  via  a  free  radical  mechanism!01  ^ 

It  seems  reasonable  to  presume  that  the  very  fast  attack  of  atomic  oxygen  on 
either  monomeric  or  dimeric  TMA  proceeds  by  a  similar  insertion  step: 


or 


„Al 


CH, 


+  Q 


Al. 


CH 


0  OH, 


(22) 


where  *  denotes  vibrational  excitation.  It  also  seems  reasonable  to  presume  that 
the  unstable  product  of  reactions  (21)  or  (22)  will  decay  by  the  exothermic  pathway: 


*3\  /CH3\  ,0 
AK  Al 


^ch3 


ch3  ch- 


;A1  -  CR3  +  H2C0  +  H 


CH3 

CH 

r 

Al 

— 

Al 

The  heat  of  reaction  for  the  overall  reactions,  [(21)  +  (23)]  and  [(22)  +  (24)]  , 
can  be  calculated  from  the  average  Al-CHg  bond  strength  in  TMA  (62.9  -  64.5 
kcal/mole)!26^  ’  ^27^  the  standard  heats  of  formation  of  II,  OCHg,  and  CH  A52^  and, 
in  the  case  of  the  reaction  [(21)  +  (23)]  ,  the  TMA  dimerization  energy  '  The  results 
of  these  calculations  indicate  that  reaction  [(21)  +  (23)]  is  3  to  6  kcal/mole  exothermic, 
while  the  reaction  [(22)  +  (24)]  is  6  to  9  kcal/mole  exothermic.  However,  if  the  product 
of  the  reactions  Is  HgCO  rather  than  HgCO  +  H,  the  exothermicity  will  be  much  greater, 
and  the  products  could  contain  a  large  amount  of  internal  energy.  A  similar  attack  on 
the  products  of  reactions  (23)  and  (24), 


CH„  CH„ 

Al  Al  -  CHg  *0^  Alg  (CH3)4  +  OCH2  +  H 

CHf  CHS 


CH«  —  Al  —  CH,,  *0  -  CH„  —  Al  +  OCH„  +  H 


will  produoe  either  AlCHg  directly  (reaction  (26)),  or  Al2  (CK3)4  (reaction  (25)),  which 
may  or  may  not  spontaneously  decay  to  TMA  and  A1-CH3: 
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Ala  <CH3>4 


(27) 


-  AlCHg  +  A1  (CH3)3 

In  any  event,  if  at  this  point  an  attacking  oxygen  atom  reacts  with  the  now  unshielded 
Al  atom  in  either  AlCHg  or  A12(CH3)4,  a  very  exothermic  patli  for  the  production 
of  AlO*  is  possible: 

A1-CH3  +0  —  AlO*  +  CH3  (28) 

a12  (ch3)4  +0  -  AlO*  +  A1-(CH3)3  +  CH3  .  (29) 

The  exothermicity  of  reaction  (28)  (or  reaction  (29)  if  reaction  (26)  dees  not 

occur)  can  be  expected  to  be  greater  than  55  kcal/mole  for  the  production  of  ground- 

2 

state  products.  Thus,  reactions  (28)  and  (29)  could  produce  AlO*  in  the  (A  n)  state 
at  very  high  vibrational  levels,  and  may  be  sufficiently  exothermic  to  populate  the 
Si  and/or  states. 
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AIO*  MECHANISM  APPLIED  TO  RELEASE  DATA 


In  this  section  the  AIO*  production  reactions  proposed  above  ((18)-(20)  for 
grenade-like  releases  and  (28)-(29)  for  TMA  releases)  will  be  examined  to  see  if 
they  are  compatible  with  quantitative  observations  from  upper  atmospheric  experi¬ 
ments.  Upper  atmospheric  glow  characteristics  which  must  be  at  least  qualitatively 
explained  by  any  candidate  mechanism  for  the  chemiluminescent  emission  include 
the  duration  of  the  glow,  the  total  radiant  output,  and  the  dependence  of  these  two 
functions  on  altitude. 

At  altitudes  below  100  km,  grenade -produced  chemiluminescence  decreases 
monotonically  after  release,  while  at  higher  altitudes,  the  initial  bright  flash  is 
followed  by  a  one-  to  two-second  build-up  in  radiant  intensity  (100-125  km),  or  by 
a  brief  fall-off  in  radiant  intensity  (>125  km),  which  then  builds  back  to  a  secondary 
maximum  within  10  sec  after  detonation/13^  The  effective  time  duration  of  the  grenade 
glows  is  one  to  two  minutes.  At  105  km,  the  total  radiant  power  emitted  has  fallen  by 
a  factor  of  10  at  the  end  of  one  minute,  while  at  140  km,  it  has  fallen  by  a  factor  of 
four/13’17)  The  total  number  of  photons  emitted  by  the  nighttime  grenade  glows 
increases  by  two  orders  of  magnitude  between  105  and  120  km,  while  above  120  km 
it  appears  to  plateau/13^ 

A  simple  physical  model  of  atmospheric  releases  can  be  based  on  the  rapid 
expansion  of  the  released  gases  until  pressure  equilibration  is  reached.  In  the  case 
of  aluminized  grenades,  Linevsky  and  Alyea  have  calculated  that  this  equilibration 
is  reached  within  four  seconds  for  the  altitudes  of  interest/3^  After  a  pressure 
balance  is  reached,  the  further  mixing  of  atmospheric  and  release  gases  is  controlled 
by  diffusive  processes.  This  model  is  slightly  complicated  by  the  fact  that  in  a 
high-temperature  release,  the  release  gases  may  be  hotter  than  the  ambient  atmo¬ 
sphere,  even  after  pressure  equilibration  has  occurred/3^ 

The  volume  of  the  initial  expansion  cloud  can  be  approximated  by 


(30) 
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where  RQ  is  the  radius  of  the  cloud  at  the  pressure  balance  point,  N  is  the  total 
number  of  molecules  released,  and  n  is  the  cloud  molecular  number  density,  which 
can  be  defined,  in  terms  of  the  ambient  number  density  nw,  the  cloud  temperature 
T,  and  the  ambient  atmospheric  temperature  ,  by 


A  reasonable  estimate  for  the  total  molecular  output  of  either  the  Australian  grenades 

24 

or  AFCRL  burner  is  10  moles,  or  6  x  10  molecules.  Assuming  a  cloud  temperature 
equal  to  twice  the  ambient  temperature  and  using  the  ambient  number  densities  of 
Jacchia^23^  yields  the  R^'s  listed  in  Table  V: 

1  _n\ 

lit  n  ) 

00/ 

TABLE  V.  GRENADE  AND  BURNER  CLOUD  RADII  AT  PRESSURE  EQUILIBRATION 


Altitude  (km) 

3 

n^  (molecules/cm  ) 

RQ  (cm) 

100 

1.20  x  10 13 

6.2  x  10' 

110 

2.26  x  1012 

10.8  x  10 

120 

5.78  x  1011 

17,0  x  10 

140 

9.79  x  1010 

30.8  x 10 

These  calculated  Rq’o  can  be  used  to  make  two  points.  First,  all  of  the  initial 
grenade  products  cannot  be  completely  oxidized  during  this  initial  pressure  equilibra¬ 
tion  period.  By  using  Jacchia’s  atomic  oxygen  densities  and  the  volume  implied  by 
the  calculated  R  ’s,  it  can  bo  seen  that  the  initial  expansion  volume  contained  only 

nA  V  AJ 

2.0  x  10  oxygen  atoms  at  100  km,  and  1, 1  x  10  O  atoms  at  140  km.  This  is 
less  than  one  O  atom  per  molecule  of  released  product,  and  shows  that  the  complete 
oxidation  of  the  released  products  will  have  to  proceed  on  a  time  scale  of  diffusive 
rather  than  explosive  mixing. 


Secondly,  the  increasing  total  photon  yield  with  increasing  altitude  between 
95  and  120  km  can  be  qualitatively  understood  by  realizing  that  the  smaller  expansion 
clouds  allow  reactions  between  the  initial  release  products,  thereby  removing  the  weakly 
bound  aluminum  atoms  needed  to  produce  AlO*  via  the  prototype  reactions  (18)-(20) .  An 
example  of  such  a  reaction  would  be 

Al2  +  AlO  -+  A120  +  Al  (33) 

Each  such  reaction  would  reduce  the  amount  of  light  emitted  unless  the  product  was 
electronically  excited.  By  assuming  that  these  product-product  reactions  have  a 
rate  constant  of  kgj  =  1  x  10  cm  /sec,  and  that  10%  of  the  release  products  can 
react  with  the  loosely  bound  Al,  the  characteristic  reaction  time  in  the  pressure- 
balanced  cloud  would  be 


4. 19  Rp 


'chem 


S3 


k31  (°*  1N4  *  Ro)  (1  X  10~12)  X  1()23) 


sec 


(34) 


For  an  altitude  of  100  km,  rc^Qm  =  1.?  sec,  while  for  an  altitude  of  120  km,  Tchem  = 
34  sec.  Thus,  at  lower  altitudes,  considerably  less  of  the  weakly  bound  aluminum 
survives  the  initial  mixing  phase  to  interact  with  ambient  atomic  oxygen.  This 
picture  of  product-product  interactions  is  consistent  with  the  fact  that  at  altitudes 
below  90  km,  neither  grenade-like  nor  TMA  releases  produce  chemiluminescent 
emissions  beyond  an  initial,  short-lived  flash,  A  secondary  cause  of  the  grenade- 
glow  altitude  dependence  may  be  the  loss  of  loosely  bound  Al  to  reactions  with 
molecular  oxygen  which  do  not  lead  to  electronically  excited  products. 

It  should  also  be  noted  that  the  TMA  oxidation  scheme  proposed  in  the  preceding 
section  would  not  appear  to  be  particularly  sensitive  to  reactions  between  release 
products,  and  that,  therefore,  total  TMA  chemiluminescent  output  should 
not  show  the  sensitive  altitude  dependence  displayed  by  grenade  releases  between 
95  and  120  km.  Indeed,  total  TMA  chemiluminescence  should  only  be  weakly 
altitude-dependent  at  altitudes  above  100  km,  where  sufficient  atomic  oxygon  mole 
fractions  exist  to  support  reactions  (28)-(29).  Below  90-100  km,  the  destruction  of 
species  such  as  Ai-CKg  by  molecular  oxygen  can  be  expected  to  greatly  reduce 
chemiluminescent  output. 
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The  total  cloud  glow  time  of  one  to  two  minutes  for  the  grenade-produced 
glows  can  be  explained  by  noting  that,  after  the  initial  expansion  to  pressure  balance, 
the  diffusive  mixing  of  the  release  products  with  the  atmosphere  is  always  slower 
than  the  reaction  times  for  reactions  (18)-(20).  Reactions  (18)-(20)  can  be  expected 
to  proceed  with  a  rate  constant  on  the  order  of  10  cm  /sec.  By  using  Jacchia 

1 1  — O 

O-atom  number  densities  of  3.72  x  10  cm  at  110  km  and  3.77  x  10  cm  at 
140  km,  characteristic  reaction  times  are  estimated  to  be  27  msec  at  110  km, 

and  265  msec  at  140  km. 


tA10* 


k(18)-(20)xfO* 


sec 


(35) 


However,  the  characteristic  diffusion  time  for  the  atmosphere  to  penetrate 
the  pressure-balanced  release  cloud  (and  the  release  cloud  to  expand  into  the  atmo¬ 
sphere)  can  be  estimated  by 


■»  :  \[W 


diff 


(36) 


or 


R 


diff 


where  D  is  the  neutral  diffusion  coefficient  in  units  of  cm  “/see.  Measurements  of 
D  from  grenade  and  TMA  release  clouds  have  been  presented  by  Golomb  and 
MacLeod/15*  who  recommend  a  value  of  6  x  10*  for  140  km  and  2  x  10G  for  110  km. 
Thus,  the  characteristic  diffusion  time  for  cloud-atmosphere  mixing,  and,  therefore, 
tiie  characteristic  time  for  AlO*  pumping  reactions,  is  58  sec  at  110  km,  and 
16  sec  at  140  km.  The  total  glow  from  grenade-like  release  clouds  can  lie  expected 
to  last  a  few  times  or  one  to  two  minutes. 

An  identical  analysis  holds  for  TMA  release  clouds,  with  the  exception  that 
TMA  oxidation  products  such  as  OCHg,  OCH,  etc.,  will  compete  very  effectively 
with  reactions  (28) -(20)  for  atomic  oxygen,  and  at  least  three  oxygen  atoms  are 
needed  to  produce  AID*  from  TMA  in  the  iirst  place.  Thus,  significantly  more 
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atomic  oxygen  will  be  needed  to  produce  the  same  amount  of  light  in  equal  molar 
grenade-like  and  TMA  releases.  This  increase  in  atomic  oxygen  consumption  per 
photon  emitted  will  require  that  TMA  glows  have  characteristic  diffusion  times  two 
to  four  times  longer  than  similar  size,  grenade-like  releases.  It  is  therefore  not 


surprising  that  TMA  glows  can  sometimes  be  observed  up  to  five  minutes  after 


release 


(53) 


Finally,  detailed  analysis  of  the  prototype  AlO*  pumping  reaction  between  Al^ 
and  O  Indicates  that  the  population  of  the  emitting  Y  states  by  such  reactions  can  be 
efficient  enough  to  support  the  apparently  large  chemiluminescence  quantum  yields 
observed  in  upper  atmospheric  experiments. 


RECOMMENDED  LABORATORY  EXPERIMENTS 


A  number  of  laboratory  experiments  are  possible  to  test  the  hypothesis  that 

the  aluminum-oxygen  chemiluminescence  continuum  is  clue  to  emission  from  some 

2  4+4 

combination  of  the  (A  II)  and  lowest-lying  £  and  n  states  of  AlO. 

One  of  the  most  direct  ways  of  identifying  AlO*  in  the  (A  “ri)  state  is  to  induce 
fluorescence  in  the  AlO  emission  bands  by  laser  pumping.  McDonald  and  limes  have 
demonstrated  that  emission  bands  near  2800$  arise  from  transitions  between  the 

O  a.  -1  O 

£  state  at  40, 300  cm  and  the  A  state,  while  emission  near  2500A  occurs  between 
a  .  state  and  the  A  state In  addition,  it  may  be  possible  to  pump  lower  levels 
of  the  A  state  to  the  (B  ^£+)  state,  and  observe  the  green  B—-*X  emissions. 

A  second  method  of  confirmation  would  involve  the  simultaneous  monitoring 
and  correlation  of  the  visible  chemiluminescent  intensity  and  the  mass  spec tvome trie 
signal  due  to  AlO*  at  m/e  =  53  in  a  crossed  beam  or  beam  and  "bottle"  experiment 
involving  Al9  and  O  or  Al  and  O^.  This  might  also  be  accomplished  in  a  low-pressure 
flow  tube  experiment  involving  the  same  reactants,  or  TMA  and  atomic  oxygen, 
Interference  from  the  fragmentation  of  AlOg,  A1909,  and  other  products  at  m/e  *  53 
could  be  avoided  by  appearance  potential  discrimination,  or  by  inclusion  of  an 
inhomogeneous  magnetic  field  in  the  mass  spectrometrie  sampling  train  to  preferentially 
detect  the  radical  AlO  species.  ^  It  would  also  be  interesting  to  use  a  crossed  beam 
experiment  to  look  at  the  initial  products  from  the  reaction  of  TMA  with  O, 

Also,  flow  tube  experiments  could  be  performed  in  an  attempt  to  collisionally 
induce  transitions  between  the  proposed  metastaiile  states  of  AlO  and  the  B  state  so 
that  the  fast  AlO  (B  —  X)  emissions  could  be  monitored.  This  is  analogous  to 
Broida's  treatment  of  the  BaO*  -producing  reactions,  '  and  this  may  be  the  explana¬ 
tion  for  the  observation  of  the  AlO  (B  —  X)  transition  in  the  laboratory  oxidation  of 
TMA  by  atomic  oxygen which  is  not  observed  In  lower  pressure  TMA  atmospheric 
releases. 

Finally,  also  analogous  to  BaO* ,  it  seems  likely  that  the  reaction  of  Al  atoms 
with  N0Q  will  produce  a  chemiluminescence  similar  to  Unit  from  Al  +  O^. 
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SUMMARY 


Tho  suggestion  is  made  that  the  chemiluminescent  "continuum”  associated  with 
Urn  oxidation  of  aluminum  in  a  number  of  laboratory  and  upper  atmospheric  oxnoviments 
may  be  attributed  to  emission  from  some  combination  of  the  {A  ~tl)  and  lowest-lying 
2  and  ft  states  of  MO,  and  this  seems  to  be  consistent  with  the  available  experi¬ 
mental  data.  Pumping  mechanisms  based  on  the  reaction  of  a  loosely  bound 
(1  to  3  eV)  aluminum  atom  with  atomic  oxygon,  or  of  atomic  aluminum  with  a  loosely 
bound  oxygen  atom,  seem  to  explain  reasonably  the  experiments  analyzed. 

Detailed  analysis  of  tho  prototype  reactions  AL  *  O  and  Al  +  CL  indicates  that 

«  a  t> 

there  are  sound  theoretical  reasons  to  suspect  that  they  will  populate  the  (A  ”ft>, 

4'  4  0  * 

11,  and  £  states  efficiently  in  competition  with  the  ground  (X  “S  )  and  excited 

(B  2  )  states.  Thus,  pumping  reactions  of  the  type  suggested  may  well  produce 

AID*  in  the  suggested  metastable  states  with  a  high  quantum  efficiency  vis-a-vis 

the  ground  state  without  significantly  populating  the  B  state. 

Previously  suggested  mechanisms  for  the  aluminum/oxygen  chemiluminescence 
do  not  appear  compatible  with  the  data  presently  available,  in  particular,  the  radiative 
recombination  of  AlO  with  Q  would  have  to  proceed  with  an  unreasonably  large  rate 
constant  to  explain  the  glow  from  either  aluminum  grenade  or  trimethylaluminum 
releases  in  the  upper  atmosphere. 
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